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a b s t r a c t 

Cu-Co multiple-oxides modified on HNO 3 -pretreated activated coke (AC N ) were optimized 

for the simultaneous removal of gaseous CO and elemental mercury (Hg 0 ) at low tempera- 

ture ( < 200 °C). It was found that 2%CuOx-10%CoOx/AC N catalyst calcined at 400 °C resulted 

in the coexistence of complex oxides including CuO, Cu 2 O, Co 3 O 4 , Co 2 O 3 and CoO phases, 

which might be good for the simultaneous catalytic oxidation of CO by Co-species and re- 

moval of Hg 0 by Cu-species, benefiting from the synergistic catalysis during the electro- 

interaction between Co and Cu cations (CoO � Co 3 O 4 and Cu 2 O � CuO). The catalysis 

removal of CO oxidation was obviously depended on the reaction temperature obtaining 

94.7% at 200 °C, while no obvious promoting effect on the Hg 0 removal (68.3%-78.7%). These 

materials were very substitute for the removal of CO and Hg ° from the flue gas with the con- 

ditions of 8–20 vol.% O 2 and flue-gas temperature below 200 °C. The removal of Hg ° followed 

the combination processes of adsorption and catalytic oxidation reaction via Langmuir- 

Hinshelwood mechanism, while the catalysis of CO abided by the Mars-van Krevelen mech- 

anism with lattice oxygen species. 

© 2020 The Research Center for Eco-Environmental Sciences, Chinese Academy of 

Sciences. Published by Elsevier B.V. 

Introduction 

Clean atmosphere is one of the essentials for the beautiful 
ecological environment and green-to-blue livable cities. In the 
iron-steel, independent and affiliated coke-oven industries, it 
has caused a worldwide concern on the removal of gaseous 
carbon monoxide (CO) and heavy metal mercury (Hg) with 

a large contents, which are with high levels of toxicity, bio- 

∗ Corresponding author. 
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accumulation, and persistence ( Wang et al., 2016 ; Xu et al., 
2017 ). For instance, sintering flue gas emits gaseous CO with a 
large content of about 0.5–1.0 vol.% and contributes to about 
41% of the total atmospheric mercury emissions in China (Hg 
emission factor is about 1.28–2.49 mg/ton sinter and the aver- 
age emission concentration is 17.8–31.8 μg/m 

3 ). Efficient and 

stable catalysts are of great importance for the purification of 
gaseous pollutants from industrial flue gases. Nowadays, ad- 
sorption and catalysis coupling techniques have become the 
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collaborative purification technology of comparative advan- 
tage by using multifunctional materials. 

The elemental mercury (Hg 0 ), oxidized mercury (Hg 2 + ) and 

particulate-bound mercury (Hg p ) are the main existing forms 
of mercury in flue gas ( Jew et al., 2015 ). The latter two forms 
(Hg 2 + and Hg p ) can be controlled by the existing flue gas pu- 
rification system ( Fu et al., 2016 ). However, elemental mercury 
has high stability and low solubility, which is a problem for 
the effective removal of Hg 0 ( Zhao et al., 2016 ). It is a poten- 
tial technology to removal the elemental mercury by the cat- 
alytic oxidation to Hg 2 + . As presented in the report ( López- 
Antón et al., 2016 ), the selective catalytic reduction (SCR) of 
NOx worked at the temperature range of 300–400 °C has a 
certain catalytic oxidation effect on elemental mercury (Hg 0 ). 
Chi et al. (2017) found that 7%Ce-1%CuOx modified V 2 O 5 /TiO 2 

SCR catalyst exhibited the highest NO conversion efficiency 
( > 97%) at 200–400 °C, as well as the best Hg 0 oxidation activ- 
ity ( > 75%) at 150–350 °C. In our previous studies ( Zhao et al., 
2016 ; Zhao et al., 2019 ), we found that 8 wt.% loading value 
of CuO over activated coke (AC) was found to be the opti- 
mal material for mercury removal achieving around 73% av- 
erage efficiency at 120 °C, and that further optimized 8%Cu- 
5%MnOx/AC obtained superior removal efficiency of mercury 
( > 90%) and NOx by SCR (78%), simultaneously. Nowadays, the 
catalytic oxidation materials had been widely investigated to 
remove Hg 0 more effectively. Transition metals (Fe ( Han et al., 
2016 ; Huang et al., 2016 ), Ce ( He et al., 2016 ; Li et al., 2017 ), 
Mn ( Cimino and Scala, 2016 ; Guo et al., 2012 ; Jampaiah et al., 
2016 ) and Cu ( Zhao et al., 2016 ), etc.) had been shown a certain 

of catalytic activity for the oxidation of elemental mercury. 
Supporters such as activated carbon or coke (AC) ( Zhao et al., 
2016 ), TiO 2 ( He et al., 2016 ), Al 2 O 3 ( Cimino and Scala, 2016 ) have 
been widely used in the process of flue gas mercury removal 
due to high specific surface area and mechanical strength, re- 
sulting in that the active components were easily coated onto 

the supporter surface. The modification of adsorption mate- 
rial can significantly improve the ability of mercury removal, 
which is an effective mean to control mercury emission in flue 
gas. 

With the increase of CO emissions, the use of catalytic ox- 
idation method to remove CO in flue gas has gradually be- 
come a hot research topic, and the heat released by catalytic 
combustion of CO is beneficial to the subsequent treatment 
of flue gas. Noble metal catalysts are considered to be an ef- 
fective means for catalytic oxidation of CO, as reported by 
Zhang et al. (2017b) , the nano-composite of Ag/Pr 6 O 11 -NRs 
(nano-rods) demonstrated a higher catalytic activity for CO 

oxidation with about 98.7% conversion at 210 °C, which might 
be ascribed to the meso-porous features, resultant oxygen 

vacancies of nano-rods support, as well as the large surface 
area and homogeneous loading of Ag species. Zhang et al. 
(2016b) found that Ag/HMS-450 (hexagonal mesoporous silica) 
can removal 50% CO at 50 °C and exhibited lower-temperature 
of catalytic activity (98% CO conversion at T 98% 

= 105 °C). How- 
ever, the high economic burden for the preparation cost of 
noble metals is critical to the application for CO oxidation 

of one of the constraints. Zhang et al. (2016a) reported that 
CeO 2 alone has any activity at the temperature below 200 °C, 
while MnOx-CeO 2 catalyst has an excellent redox property for 
CO oxidation followed the Mars-van Krevelen (MK) mecha- 

nism (T 10% 

= 66 °C, T 100% 

= 190 °C) due to the incorporation of 
Mn 

n + into the CeO 2 lattice resulting in two redox couples of 
Mn 

4 + → Mn 

3 + → Mn 

2 + and Ce 4 + → Ce 3 + . CuO/cryptomelane cat- 
alyst constituted by copper and manganese oxides showed 

the best performance when tested under CO + H 2 + O 2 mixture, 
reaching its maximum CO conversion of 95% at 125 °C and 

keeping after that temperature a stable conversion of 88% 

( Davó-Quiñonero et al., 2017 ). Manganese oxide doped by Cu 

( Song et al., 2017 ), Co ( Liu et al., 2017a ) and Ce ( Arena et al., 
2017 ; Zhang et al., 2017a ) could have a good CO catalytic activ- 
ity in a wide temperature range. 

Currently, to our knowledge, there is no reported research 

on the simultaneous removal of elemental mercury and CO 

in flue gas. As we known, carbon materials including active 
carbon and active coke etc. have been widely utilized in air 
purification and separation due to their large number of well- 
distributed micro-pores, high adsorption speed and high sur- 
face area. Carbon materials have been widely utilized in air 
purification and separation due to its large number of well- 
distributed micro-pores, high adsorption speed and high sur- 
face area. In recent years, activated coke (AC) has been suc- 
cessfully applied as the commercial material to the indus- 
trial desulfurization. Thus, in this work, catalytic materials 
were prepared using activated coke as supporter and transi- 
tion metal oxide (Co, Cu, Ce, Mn, Fe) as active components. 
The loading and calcination conditions for optimizing the Cu 

and Co modified AC were further investigated to enhance 
the synergic-removal ability of CO and Hg 0 over the catalytic 
materials. The synergistic catalytic mechanism was also pro- 
posed on the surface of optimal Cu-CoOx/AC. This work pro- 
vides a certain reference value for preparing catalytic mate- 
rials to obtain the simultaneous removal of CO and Hg 0 with 

high efficiency at low temperature. 

1. Experimental details 

1.1. Catalysts preparation 

Active coke (AC) as the supporter was purchased from Beis- 
hankou Zhuqing Activated Carbon Factory (Gongyi city in 

China, https://gyzq999.1688.com ). The AC particles sieved into 

40–60 mesh size were pretreated with 4 wt.% HNO 3 in water 
bath at 75 °C for 3 hr and then washed with ultrapure wa- 
ter until the pH had no change and dried in oven at 110 °C 

for 8 hr, which were named as AC N 

. AC N 

supported metal ox- 
ide catalysts ( M Ox/AC N 

, M = Co, Cu, Ce, Mn or Fe) were pre- 
pared by an ultrasonic-assisted equivalent-volume impregna- 
tion method with the corresponding metal nitrate as precur- 
sor. The mass loading content was investigated as 10 wt.% for 
the single metal oxide. The materials were dried and calcined 

at a designed temperature for 4 hr in a muffle furnace with 

N 2 atmosphere. The best ones of above catalysts were fur- 
ther prepared with different mass loading and defined as y % 

MO x /AC N 

, in which M stands for the loaded metal, and y ( y = 2, 
4, 6, 8, 10 and 12) for the load value from mass ratio of M to AC N 

. 
Such as 10%CoOx/AC N 

sample was optimized for CO catalytic 
oxidation. Then, the optimal catalysts were further modified 

as z %CuO-10%CoOx/AC N 

( z = 2, 4, 6, 8, and 10) through step- 

https://gyzq999.1688.com
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Fig. 1 – Schematic diagram of experimental setup. 

by-step impregnation process for the simultaneous catalytic 
oxidation of CO and Hg 0 . 

1.2. Characterization of samples 

Brunauer-Emmett-Teller (BET) method was adopted to clear 
the specific surface area of different samples, which was 
tested on Quadrasorb SI analyzer via N 2 adsorption. Mi- 
crostructures including pore volume and size were analyzed 

by Horvath-Kawazoe method. The speciation of Co and Cu el- 
ements on the surface of different samples were analyzed by 
XRD method, which was tested by TTRIII multifunctional X- 
ray diffraction with Co k α radiation (2 θ range of 5–90 o ). Scan- 
ning Electron microscope (SEM) was observed by using the Hi- 
tachi SU 8000 SEM, and an energy-dispersive X-ray spectrom- 
eter (EDS) was used to examine the distribution of the ele- 
ments on the surface. Thermogravimetric analysis (TGA) was 
obtained on a Mettler TGA/DSC 1 SF/1382 system from 25 to 
700 °C with 10 °C/min in the pure N 2 gas atmosphere. 

The reduction characteristics of catalysts were analyzed by 
H 2 -TPR profiles using a chemisorption analyzer with 100 mg 
of the sample and 5 vol.% H 2 in N 2 during the TPR process. 
Cold trap was used to avoid the disturbance of overflowing 
H 2 O on the TPR signal. The valence changes of active elements 
over the surface of fresh and used catalysts were analyzed by 
XPS method, which was corrected by C1s binding energy at 
284.6 eV. 

1.3. Experimental section 

The catalytic performances of the catalysts above for CO ox- 
idation and Hg 0 oxidation removal were evaluated at a dy- 

namic reaction system, which contains the units of gas sup- 
ply, Hg 0 generator, gas mixer, reactor with temperature con- 
troller, and gas detector, as shown in Fig. 1 . Hg 0 was obtained 

by a permeation tube of mercury (VICI Metronics of USA) with 

N 2 stripping after the mixed gas below, which could produce a 
certain weight of Hg 0 at designed temperature. Other gas com- 
ponents were derived from the corresponding cylinder gases, 
and then mixed equably in the blending tank. The total gas 
flow was set as 300 ml/min, equating to a gas hourly space 
velocity (GHSV) of 56,600 h 

−1 . The simulated flue gas was con- 
stituted by 50 μg/m 

3 Hg 0 , 10vol.% O 2 , 5000 ppm CO, and N 2 

balance. 
Flue gas analyzer (KM 9106, UK) was used to detect the con- 

centration of CO and O 2 from the inlet and outlet of reactor. 
Cold atomic mercury analyzer (JKG-203, China) was used to 
detect the concentration of Hg species as the following step: 
the airflow was accessed into impinge with absorption solu- 
tion (10%KCl or 0.4%H 2 SO 4 + 0.02wt.% KMnO 4 ), then the con- 
version from Hg 2 + to Hg 0 could happen append of 15wt.% 

SnCl 2 before the analyzer. Finally, the airflow was accessed 

into the carbon trap to avoid toxic components discharged 

into atmosphere. 

1.4. Evaluation of catalytic activity 

The Hg 2 + and Hg 0 were captured by the absorption solution of 
10%KCl and 0.4%H 2 SO 4 + 0.02 wt.%KMnO 4 , the data was de- 
tected and calculated by cold atomic mercury analyzer was 
remembered as C (Hg 2+ ) and C (Hg 0 ) . 

About 0.1 g catalysts was used for each test. The reaction 

time of test was continued 6 hr. The detection of inlet and out- 
let of simulated flue gas was carried on at every 1 hr. In this 
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Fig. 2 – H 2 -TPR profiles of various AC N 

supported metal 
oxides. 

work, the removal rate of Hg 0 in simulated flue gas was calcu- 
lated by the following Eq. (1) , and the penetration rate of Hg 2 + 

in simulated flue gas was calculated by following Eq. (2) . 

η( Hg 0 ) = 

C 

0 
Hg 0 

−
[ 
C Hg 0 + C Hg 2+ 

] 

C 

0 
Hg 0 

× 100 (Eq.1) 

η( Hg 2+ ) = 

C Hg 2+ 

C 

0 
Hg 0 

× 100 (Eq.2) 

Here, C 

0 
(Hg 

0 
) is the concentration of Hg 0 of inlet simulated 

flue gas, C (Hg 
2+ 

) and C (Hg 
0 

) is the concentration of Hg 2 + and Hg 0 

of outlet simulated flue gas. Only negligible amounts of Hg 2 + 

were detected. 
Meanwhile, the removal rate of CO in simulated flue gas 

was calculated by the following Eq. (3) . 

η( CO ) = 

C 

0 
CO − C CO 

C 

0 
CO 

× 100 (Eq.3) 

Here, C 

0 
(CO) and C (CO) stands for the CO concentration of 

inlet and outlet simulated flue gas, respectively. 

2. Results and discussion 

2.1. Separate catalytic oxidation of CO, Hg 0 

2.1.1. Search for active component 
The H 2 -TPR profiles of various MOx/AC N 

catalysts (M = Cu, Ce, 
Co, Fe, Mn) were obtained to define the oxides form and an- 
alyze the redox capacity. As shown in Fig. 2 , the reduction 

peak at the temperature higher than 600 °C was found on each 

catalysts because of the self-decomposition of carbon mate- 
rial (as shown in following TGA section in Fig. 9 ) ( Yi et al., 
2018 ), which were suppressed to a certain extents after mod- 
ifying by active components. For the modified catalysts, peak 
at 493 °C over MnOx/AC N 

was detected as the transforma- 
tion of Mn 3 O 4 → MnO ( Zhang et al., 2011 ), peak at 397 °C for 

Fig. 3 – CO oxidation efficiency over series of M Ox/AC N 

catalysts ( M = Cu, Ce, Co, Fe, Mn) for the individual catalysis. 
Reaction conditions: gas flow of 300 ml/min, 
GHSV = 56,600 h 

−1 , [CO] = 5000 ppm, [O 2 ] = 10vol.%, and N 2 

balance. 

Fig. 4 – Hg 0 removal efficiency over series of MOx/AC N 

catalysts ( M = Cu, Ce, Co, Fe, Mn) for the individual catalysis 
Reaction conditions: gas flow of 300 ml/min, 
GHSV = 56,600 h 

−1 , [Hg 0 ] = 50 μg/m 

3 , [O 2 ] = 10 vol.%, and 

N 2 balance. 

Fe 2 O 3 → FeO over FeOx/AC N 

( Zhang et al., 2018 ), peak at 527 °C 

for CeO 2 → CeO over CeOx/AC N 

( Chen et al., 2016 ), peak at 
268 °C for CuO → Cu 2 O over CuOx/AC N 

( Wang et al., 2018 ), and 

peak at 400 °C for Co 3 O 4 → CoO over CoOx/AC N 

( Chen et al., 
2016 ), respectively. It should be pointed out that CoOx/AC N 

and CuOx/AC N 

samples presented the higher hydrogen con- 
sumption peak at the relative low temperature, indicating that 
these two catalysts might have strong redox ability being fa- 
vorable for catalytic reaction. 

The individual catalytic oxidation of CO and catalytic re- 
moval of Hg 0 over the above catalysts were performed sepa- 
rately, and the catalytic activities are given in Figs. 3 and 4 , 
respectively. In Fig. 3 , it can be seen clearly that CeOx/AC N 

, 
FeOx/AC N 

and MnOx/AC N 

hardly had the catalytic activity 
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for CO oxidation at the designed temperature range of 80–
200 °C, while the CO oxidation efficiency of CoOx/AC N 

and 

CuOx/AC N 

were both increased as the reaction temperature 
increasing. CoOx/AC N 

catalyst obtained the CO oxidation ef- 
ficiency of 95–100% at temperature above 160 °C, which was 
obviously superior to CuOx/AC N 

with its highest activity of 
85.2% at 200 °C. It might be contributed to the excellent oxida- 
tion performances of CoOx/AC N 

and CuOx/AC N 

for the good 

catalysis activity of CO oxidation, which was evidenced by the 
H 2 -TPR results. It has been proven that Co 3 O 4 has high cat- 
alytic activity in CO oxidation reaction ( Jansson et al., 2002 ; 
Wang et al., 2007 ). Zhang et al. (2012) found that bulk Co 3 O 4 

presented risen activity for CO oxidation of ̃64% at 120 °C and 

> 97% at 140 °C, and expected that the low-temperature ac- 
tivity was mainly correlated with the electronic migration be- 
tween Co 3 + and Co 2 + . CuOx and Cu-containing catalysts with 

the mixture phases of CuO and Cu 2 O presented more active 
for CO oxidation ( Gu et al., 2014 ; Penkala et al., 2018 ), benefiting 
from that the Cu-phase became amorphous during reduction 

and followed by re-oxidation under the oxidizing atmosphere 
( Penkala et al., 2018 ). 

It has been reported that the CeO 2 alone has an infe- 
rior activity because of the slow release of oxygen without 
other cations ( Stoši ́c et al., 2012 ), while the doping of other 
cations into CeO 2 lattice generating to Ce-based solid so- 
lutions was proven superior catalytic activity to the metal 
oxide alone, which was probably owned to doping gener- 
ated defects or new mixed oxide phases ( Collins et al., 2010 ). 
Xu et al. (2014) found that MnOx presented the oxidation of 
CO might proceed through the Langmuir-Hinshelwood (LH) 
mechanism being responsible from the adsorbed oxygen ( < 

200 °C) to the Mars-van Krevelen mechanism with increasing 
reaction temperature. Ramesh et al. (2008) has reported an ac- 
tivity order of CO oxidation as: MnO < MnO 2 < Mn 2 O 3 below 

250 °C, in which LH mechanism was performed for the cat- 
alytic oxidation of CO over Mn 2 O 3 and MnO 2 catalysts, and 

MK mechanism for MnO sample. However, the CO oxidation 

activity of MnOx was remarkably influenced by the crystal 
phase (Mn 

2 + -Mn 

7 + ) with different Mn-O bond strength and 

its mixtures with the second/other metal oxide ( Zhang et al., 
2016a ). Based on above analysis, it was not hard to under- 
stand that the ultra-low catalytic activity for CO oxidation 

over simple CeOx/AC N 

and MnOx/AC N 

might mainly due to 
the unsustainable redox couple without other cations in our 
studies. 

From Fig. 4 , all the designed metals to modify the AC N 

could 

improve the removal capability of Hg 0 with the increase of 
reaction temperature. The removal ability of Hg 0 oxidation 

over the different metal doped AC N 

could be sorted as follows: 
Cu > Mn > Ce >>> Fe >> Co > None. CuOx/AC N 

catalyst ob- 
tained the removal efficiency of above 96% when the reaction 

temperature was higher than 160 °C, while MnOx/AC N 

and 

CeOx/AC N 

had less activities within the gap of 5% at each tem- 
perature points. In contrast, the promoting effects of FeOx and 

CoOx on Hg 0 removal were greatly inferior to the above three 
catalysts, especially that CoOx/AC N 

showed an even weaker 
increase than the virgin AC N 

catalyst. Xu et al. (2014) found 

that the order of different active components supported on 

TiO 2 for Hg 0 removal was as follows: CuO > Fe 3 O 4 > MnO 2 > 

CeO 2 > Co 3 O 4 . Cu ion has a more effective nuclear charge and 

a type of unfilled orbital structure, which makes CuO perform 

best in the removal of Hg 0 . 

2.1.2. Optimization of Co 3 O 4 or CuO loads 
It has been confirmed from the results in Fig. 3 and Fig. 4 that 
Co and Cu has reactivity for the catalytic oxidation of CO 

and the removal of Hg 0 , respectively. It was one of the im- 
portant factors for reactivity that loading different amount of 
Co or Cu, and series of x %CoOx/AC N 

and y %CuOx/AC N 

cat- 
alysts ( x or y = 2, 4, 6, 8, 10, 12) were prepared and used to 
obtain the optimum loading amount (10% for CoOx and 8% 

for CuOx) at the designed loading ranges, as shown in Fig. 5 . 
For the catalytic oxidation of CO, the samples of 2%CoOx/AC N 

and 2%CuOx/AC N 

had hardly any oxidation efficiency. How- 
ever, the CO oxidation efficiency were enhanced obviously as 
the increase of loading amount within the optimum load and 

also reaction temperature. It indicated that transition metal 
loading of Co or Cu improved the catalytic oxidation reactiv- 
ity of CO, but further increasing the load might cause the de- 
crease of specific surface area that resulting in the decrease of 
catalytic activity. The CO oxidation efficiency of 8%CuOx/AC N 

was 91.2% at 200 °C, which was significantly lower than that 
of 95% at 160 °C and 99.7% at 200 °C over 10%CoOx/AC N 

. It 
indicated that Co doping was more effective to improve the 
reactivity than Cu doping. Zhao et al. (2014) considered that 
Co 3 O 4 was more excellent performance than CuO catalyst for 
CO oxidation at wider range of temperature. For the oxidation 

removal of Hg 0 , the promotion effect over AC N 

was lower by 
loading of Co-species, and it was about 1.3%–6.7%-up by op- 
timum loading amount. The Hg 0 removal efficiency was pro- 
moted from 37.7%–69.8% to 50.1–86.4% by loading of 2%CuOx, 
and 8%CuOx/AC N 

made this value to 79.1%–98.9% at the de- 
signed temperature range, respectively. In our previous study 
( Zhao et al., 2016 ), it also has been confirmed that 8% load was 
optimum loading amount of CuO for Hg 0 removal. The oxi- 
dation removal of Hg 0 was great promoted by loading of Cu, 
and the catalytic oxidation of CO was great promoted by load- 
ing of Co, indicating that the active sites were different for the 
oxidation of Hg 0 and CO. Thus, the catalytic materials for si- 
multaneous removal Hg 0 and CO could be prepared by loading 
of Cu and Co. 

2.2. Simultaneous removal of CO and Hg 0 over 
Cu-CoOx/AC N catalysts 

2.2.1. Effect of Cu load 
It has been found that 10% CoOx/AC N 

presented the best ac- 
tivity for CO oxidation as given above. In this section, a se- 
ries of z % CuOx-10% CoOx/AC N 

catalysts ( z = 0, 2, 4, 6, 8, 10) 
were prepared for the simultaneous catalytic oxidation of CO 

and Hg 0 . The CO oxidation efficiency and the Hg 0 removal ef- 
ficiency are given in Fig. 6 , which was carried out at 180 °C. 
It is clear that, among the bimetallic oxides with different 
mass ratio, 2%CuOx–10%CoOx/AC N 

catalyst has high activity 
for the synchronous catalysis of CO oxidation (69.7%) and Hg 0 

removal (73.2%). It should be clarified that this sample pre- 
sented the obvious decrease of CO oxidation efficiency com- 
pared with Co 3 O 4 /AC N 

(˜100%), and displayed little lower Hg 0 

removal efficiency (10%Co 3 O 4 /AC N 

, ̃65%), suggesting that the 
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Fig. 5 – CO oxidation efficiency (A1, B1) and Hg 0 removal efficiency (A2, B2) over various CoOx/AC N 

(A1, A2) and CuOx/AC N 

(B1, B2) catalysts with different load for the individual catalysis. Reaction conditions: gas flow of 300 ml/min, 
GHSV = 56,600 h 

−1 , [CO] = 5000 ppm or [Hg 0 ] = 50 μg/m 

3 when used, [O 2 ] = 10 vol.%, and N 2 balance. 

Fig. 6 – CO oxidation and Hg 0 removal efficiency over various z %CuOx-10%CoOx/AC N 

catalysts with different Cu load for the 
simultaneous removal of CO and Hg 0 . Reaction conditions: gas flow of 300 ml/min, GHSV = 56,600 h 

−1 , [CO] = 5000 ppm and 

[Hg 0 ] = 50 μg/m 

3 , [O 2 ] = 10 vol.%, and N 2 balance, reaction temperature at 180 °C. 
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Fig. 7 – CO oxidation efficiency and Hg 0 removal efficiency 

over various 2%CuOx-10%CoOx/AC N 

prepared at different 
calcination temperature. Reaction conditions: gas flow of 
300 mL/min, GHSV = 56,600 h 

−1 , [CO] = 5000 ppm and 

[Hg 0 ] = 50 μg/m 

3 , [O 2 ] = 10 vol.%, and N 2 balance, reaction 

temperature at 180 °C. 

introduction of Hg 0 has a negative influence on the oxida- 
tion of gaseous CO while the CO has weak effect on Hg 0 re- 
moval. This phenomenon might be due to the following rea- 
sons: (1) A part of Co-sites were covered by CuOx species re- 
sulting in the decrease of the CoOx active components for CO 

oxidation, as we found that in Fig. 5 (A1), 8% CoOx/AC N 

sample 
gave a low-down CO oxidation efficiency than 10%CoOx/AC N 

while 2%CuOx/AC N 

has negligible activity; (2) Although CuOx 
species has apparent activity for Hg 0 removal (negligible Co- 
sites), the mass loading content was just of 2 wt.% which pro- 
vided limited sites but effective for the removal of Hg 0 . It was a 
negative factor for CO oxidation efficiency as the load amount 
of Cu was increasing above 2%, resulting in the lower activ- 
ity as load increasing than that of the fresh Co 3 O 4 /AC N 

cat- 
alyst. Although more Cu load ( > 2%) leaded to the decrease 
of Hg 0 removal efficiency, it revealed better activity than that 
of virgin Co 3 O 4 /AC N 

catalyst. In general, the catalytic activ- 
ity might be affected by the special surface area and pore 
structure of catalysts ( Zhao et al., 2016 ; Zhao et al., 2019 ). 
BET surface area of 10%Co 3 O 4 /AC N 

, 2%CuOx-10%CoOx/AC N 

, 
and 4%CuOx-10%CoOx/AC N 

were obtained, in which 2%CuOx- 
10%CoOx/AC N 

showed a little decrease within 1.6% of sur- 
face area than 10%Co 3 O 4 /AC N 

(425.6 m 

2 /g) but a significant in- 
crease in microspore area to 365.7 m 

2 /g (from 83.8% to 87.3%), 
while 4%CuOx–10%CoOx/AC N 

presented a significant reduc- 
tion of BET surface area to 381.8 m 

2 /g (-10.3%). This might be 
one important reason for facilitating the simultaneous oxida- 
tion of CO and Hg 0 over 2%CuOx-10%CoOx/AC N 

catalyst. 

2.2.2. Effect of calcination temperature 
The effects of calcination temperature on the simultaneous 
catalytic oxidation of CO and Hg 0 were performed, as shown 

in Fig. 7 , which was obtained at 180 °C and run for 3 hr (due 
to the nearly balanced points from Fig. 6 ). It was found that 
calcination temperature has a very little impact on the oxida- 
tion efficiency of Hg 0 within the gap of 4.7% compared to the 
best of 78.4% over 2%CuOx–10%CoOx/AC N 

calcinated at 400 °C, 

Fig. 8 – XRD patterns of 2%CuO-10%Co 3 O 4 /AC N 

prepared at 
350, 400 and 450 °C. 

which was might due to that the mixture copper oxide species 
(Cu 

2 + and Cu 

+ ) were both active for reaction during reduction 

and followed by re-oxidation ( Penkala et al., 2018 ). While for 
CO oxidation, the 2%CuOx–10%CoOx/AC N 

catalyst presented 

a parabolic trend with the best activity of 70.5% centered at 
400 °C during increasing the calcination temperature from 300 
to 500 °C. The catalyst prepared at 300 °C has the lowest CO ox- 
idation efficiency of about 30.8%, and 2%CuOx–10%CoOx/AC N 

(500 °C) showed a slightly better activity to 43.6%. This results 
indicated that calcination temperature greatly affects the ex- 
istent form and valence state of CoOx with different redox 
properties during calcinating at different temperature, result- 
ing in the significant difference efficiencies for CO oxidation. 

XRD characterizations were carried out to receive the crys- 
tal structure information of catalyst material calcined at 350, 
400 and 450 °C, respectively. As shown in Fig. 8 , the charac- 
teristic peaks of metal nitrate could not be found, which indi- 
cated that the precursors could be decomposed completely at 
those temperatures. The phases were composed by CuO, Cu 2 O, 
Co 3 O 4 and Co 2 O 3 when calcination temperature was 350 °C, 
while the phase was composed by CuO, Cu 2 O, Co 3 O 4 , Co 2 O 3 

and CoO when calcination temperature was 400 °C, and fur- 
thermore the phase was composed by CuO, Cu, Co 3 O 4 and CoO 

when calcination temperature was 450 °C. It meant the change 
of CuO → Cu 2 O → Cu and Co 2 O 3 → Co 3 O 4 → CoO was happened 

with rising the calcination temperature ( Zhao et al., 2016 ). The 
peak strength of Cu-species (CuO, Cu 2 O and Cu) was weaker 
than the Co-species (Co 3 O 4 , Co 2 O 3 and CoO), which was at- 
tributable to the loading amount of copper was lower than 

cobalt. The main phase of Co-species was Co 3 O 4 when cal- 
cination temperature was 400 °C (the optimal value), which 

indicated that Co 3 O 4 (configuration of Co 2 O 3 and CoO) might 
was an important role in the removal of CO oxidation. For Cu- 
species, the main phase was not clear, which was attributable 
to Cu 2 O was easily produced on AC when Cu doped AC was 
calcined at 400 °C ( Zuo et al., 2015 ). The coexistence of com- 
plex oxides including CuO and Cu 2 O, Co 3 O 4 and Co 2 O 3 would 

likely be beneficial to the simultaneous catalytic oxidation of 
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Fig. 9 – Thermodynamic stability and element distribution (illustration) of 2%CuOx-10%CoOx/AC N 

(400 °C). 

CO and Hg 0 over Cu-CoOx/AC N 

catalysts, which will be evi- 
denced by the XPS analysis motioned below. 

Fig. 9 shows the thermodynamic stability in the pure N 2 

gas atmosphere of Cu-CoOx/AC N 

catalyst prepared at 400 °C, 
which presented a stable performance at the temperature 
range of 175–425 °C. In the figure, the peaks at lower temper- 
ature and centered at 560 °C might be ascribed to the release 
of H 2 O and COx-species of active coke, respectively. In the il- 
lustration in Fig. 9 , it could make clear that the Co- and Cu- 
species were successfully loaded and gave a relatively uni- 
form distribution onto the catalyst surface. The loads of Co- 
and Cu- was 10.3 wt.% and 2.5 wt.%, respectively, which was in 

close proximity to the theoretical designed value. This result 
explained that the Cu-CoOx/AC N 

catalysts were successfully 
prepared using the designed method and met the expected 

aim. 

2.2.3. Effect of reaction temperature 
Fig. 10 gives the simultaneous removal efficiency of CO and 

Hg 0 as a function of reaction temperature over 2%CuOx–
10%CoOx/AC N 

catalyst calcinated at 400 °C (noted as Cu- 
CoOx/AC N 

in the following sections). It can be found that the 
catalysis removal of CO oxidation on Cu-CoOx/AC N 

catalyst 
were obviously depended on the reaction temperature, which 

obtained 58.1% CO conversion at 160 °C, and 70.5% at 180 °C, 
and significantly increased to 94.7% at 200 °C. For the removal 
of Hg 0 , there was no obvious promoting effect on catalytic ac- 
tivity of 68.3% at 140 °C to 76.7% at 200 °C, in which the best 
removal rate of Hg 0 was about 78.7% at the reaction tempera- 
ture of 180 °C. This phenomenon could be explained that the 
adsorption and catalysis were existence/combination for the 
oxidation and removal of Hg 0 , as proposed in our previous 
study over CuO/AC catalyst ( Zhao et al., 2016 ), in which the 
increase of temperature would weaken Van-der-Waals forces 
for adsorption process while more kinetic energy was contin- 

Fig. 10 – CO oxidation and Hg 0 removal efficiency as a 
function of reaction temperature over 
2%CuOx-10%CoOx/AC N 

(400 °C). Reaction conditions: gas 
flow of 300 ml/min, GHSV = 56,600 h 

−1 , [CO] = 5000 ppm 

and [Hg 0 ] = 50 μg/m 

3 , [O 2 ] = 10 vol.%, and N 2 balance. 

ually needed for chemical reaction progress. As a result, with 

the reaction temperature continually rising, the decrease of 
adsorption began to be a crucial factor when temperature was 
over 180 °C and thus maintaining the reaction balance of Hg 0 

removal during the combination of adsorption and catalysis 
process ( Xie et al., 2015 ). 

2.2.4. Effect of oxygen content 
The effects of oxygen content on the simultaneous removal 
efficiency of CO and Hg 0 were presented in Fig. 11 . 2%CuOx–
10%CoOx/AC N 

was mostly inactive in the catalytic oxidation 

of CO and Hg 0 without the introduction of oxygen, while the 
removal efficiency of CO and Hg 0 were both greatly enhanced 
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Fig. 11 – CO oxidation efficiency and Hg 0 removal efficiency as a function of oxygen content over 2%CuOx-10%CoOx/AC N 

(400 °C). Reaction conditions: gas flow of 300 ml/min, GHSV = 56,600 h 

−1 , [CO] = 5000 ppm and [Hg 0 ] = 50 μg/m 

3 , 
[O 2 ] = designed contents, and N 2 balance. 

as the oxygen content increasing to 4vol.%. The results indi- 
cated that oxygen was very importantly beneficial for the cat- 
alytic oxidation of CO and Hg 0 . With the further increase of 
oxygen content, the CO oxidation activity showed a limited 

improvement while the removal rate of Hg 0 has a tremendous 
increase. As described above that the removal of Hg 0 was de- 
pended on the combined adsorption and catalysis, in which 

the adsorption processed continued to improve with the in- 
crease of O 2 in spite of balanced catalysis. In the case with- 
out O 2 , it can be found that the CO oxidation efficiency was 
increased as the temperature raised above 160 °C, indicating 
lattice oxygen played the key roles in CO oxidation via the 
Mars-van Krevelen mechanism, in which the oxygen vacan- 
cies on the interface between metal cations were produced 

and further captured the gas-phase oxygen to form active in- 
terface oxygen species that could be easily extracted by CO to 
form CO 2 ( Zhang et al., 2016a ). Thus, it is a conviction that the 
more promoting effect was not obtained when the oxygen was 
enough for the catalytic oxidation of CO. It should be pointed 

out that Cu-CoOx/AC N 

catalyst got the better CO oxidation ac- 
tivity and also high Hg 0 removal efficiency during the simul- 
taneous catalysis with the oxygen content range of 8%–20%, 
which is very suitable for the multi-pollutants removal from 

flue gas with the conditions of high-concentration O 2 and gas 
temperature below 200 °C. We speculated that cheap binary 
oxides doped on activated coke will substitute for the removal 
of CO and Hg 0 , especially operating under mild conditions. 

2.2.5. Simultaneous catalysis mechanisms of CO and Hg 0 over 
Cu-CoOx/AC N 

In Fig. 12 , the XPS spectra for O1s, Co2p, Cu2p and Hg4f of fresh 

and used Cu-CoOx/AC N 

catalysts were performed to analyze 

the changes in surface species and relative content, and be- 
ing beneficial to propose the simultaneous catalysis mecha- 
nisms of CO and Hg 0 over Cu-CoOx/AC N 

. In Fig. 12 (A), two dis- 
tinguishing peaks at around 530.1 eV and 532-532.2 eV were 
exhibited, which was attributed to lattice oxygen (O L ) and 

surface adsorbed oxygen (O S ), respectively ( Gao et al., 2019a ; 
Gao et al., 2019b ; Gao et al., 2020 ). The ratio of O S /(O S + O L ) could 

reach high up to above 80% over both two samples, which 

might be benefited from the rich oxygenated functionality 
groups such as OH-/O x -, CO-, and COO- species over carbon- 
based material promoting the adsorption of gases and cat- 
alytic redox process ( Gao et al., 2018a ). It was clearly found 

that the lattice oxygen of used sample was reduced signifi- 
cantly to 11.2% compared to 18.5% of the fresh one, indicating 
that the surface lattice oxygen involved in catalytic reactions 
directly to generate oxygen vacancies that would be replen- 
ished by gas-oxygen to generate the active oxygen species. 
Thus it was a evidenced that the relative concentration ratio 
of O S /(O S + O L ) was increased to 88.8% from 81.5% after cat- 
alytic reaction, which implied that extra oxygen was absorbed 

in the course of reaction. The results given a good agree- 
ment with the co-existence of Langmuir-Hinshelwood (L-H) 
and Mars-van Krevelen (M-K) mechanism for CO catalytic oxi- 
dation and L-H mechanism for Hg 0 oxidation at low tempera- 
ture. It should be noted that there was almost no Hg 2 + leaved 

from gas stream out the reaction system, which implied that 
Hg 0 were oxidation to HgO or/and Hg 2 + attached to the cata- 
lyst surface, as evidenced by the Hg4f XPS spectra ( Fig. 12 (D)) of 
used sample in which the peak at around 103.5 eV and 102.6 
eV was divided into Hg 2 + (generally HgO) and characteristic 
peak of Si2p over active coke, respectively ( Chen et al., 2018b ; 
Huang et al., 2016 ; Jampaiah et al., 2016 ). No peak of adsorbed 
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Fig. 12 – XPS spectra for O1s (A), Co2p (B), Cu2p and Cu LMM (C), and Hg4f (D) of fresh and used Cu-CoOx/AC N 

catalysts. 

Hg 0 (at about 99.8 eV) was found on the surface of used cata- 
lysts. 

It has been found that the Co- and Cu-species on the sur- 
face were in the form of mixed oxides according to the XRD re- 
sults. Thus their phases were investigated by Co2p and Cu2p 

XPS spectra, as shown in Fig. 12 (B) and (C), respectively. XPS 
spectra for Co2p were divided into six peaks attributed to Co 3 + 

(780.4 eV, 795.8 eV), Co 2 + (782.1 eV, 797.6 eV), and the satel- 
lites (786.9 eV, 803.6 eV) ( Gao et al., 2018b ; Meng et al., 2018 ; 
Tang et al., 2015 ). XPS spectra for Cu 2p 3/2 were included into 

Cu 2 O (933.1–933.6 eV) and CuO (935.2–935.5 eV, shakeup peaks) 
( Chen et al., 2018a ; Liu et al., 2017b ). No peak at around 567.8 
eV was found for Cu ° from Cu LMM spectra. It can be found 

obviously that the phases of Co 3 + and Cu 

2 + were enhanced in- 
stead of the decrease of Co 2 + O and Cu 2 O during the catalytic 
reactions for simultaneous oxidation of CO and Hg 0 . 

The experimental results had found that Co-species were 
the main active sites for CO oxidation and Cu-species for Hg 0 

removal, and that the doping of 2%CuOx on 10%CoOx/AC N 

cat- 
alyst has an obvious promoting effect on both CO oxidation 

and Hg 0 removal. It might be benefiting from the synergis- 
tic catalysis during the electro-interaction between Co and Cu 

cations (CoO �Co 3 O 4 and Cu 2 O �CuO), which was coincided 

with the reports Gu et al., 2014 ; Xie et al., 2015 ; Zhang et al., 
2016a ). Meanwhile, the higher reactive activity was still be- 
ing maintained after catalytic reaction of 6 hr, and Co- and 

Cu- species also showed a good catalytic activity for removal 

Hg 0 and CO, respectively, which implied that Co 3 O 4 and CuO 

were active sites for removal CO and removal Hg 0 , respec- 
tively ( Jansson et al., 2002 ; Xiang et al., 2012 ). Zhang et al. 
(2016a) found that CO oxidation followed distinct reaction 

routes during different temperature range, in which CO could 

reacted with the surface lattice oxygen directly to generate 
oxygen vacancies (direct route) and reacted with the adja- 
cent O from surface OH to generate HCOO 

∗ intermediate de- 
composing into CO 2 (formate route) at the temperature be- 
low 130 °C, and that the reaction gone through the carbonate 
route via the adsorbed CO at oxygen vacancies reacted with 

the surface lattice oxygen to generate carbonate species at the 
temperature above 130 °C. Thus, in this section, it is a con- 
viction that different oxidation mechanisms mainly based on 

the carbonate route might occurred over Cu-CoOx/AC N 

cat- 
alyst through increasing the temperature from 140 to 200 °C, 
resulting in noticeable increase of CO oxidation activity. Based 

on the above analysis, we proposed that the removal of Hg 0 in- 
cluding Reactions ( (1) to (6) followed the route R1 for adsorp- 
tion process (gaseous Hg 0 species were adsorbed onto the sur- 
face of active coke and further oxidized to HgO/Hg 2 + spices by 
surface active oxygen) and the route R2 for catalytic oxidation 

(gaseous Hg 0 species were adsorbed and oxidized to HgO/Hg 2 + 

spices by CuO active sites during Cu 2 O �CuO), and the cataly- 
sis of CO to CO 2 abided by the Mars–van Krevelen mechanism 

with lattice oxygen species including Reactions (7) to (12) via 
the reaction processes by the RI route (gaseous CO was directly 
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Scheme 1. – Proposed synergetic-catalysis mechanisms for the oxidation of gaseous CO and Hg 0 over Cu-CoOx/AC N 

catalyst. 

oxidized to CO 2 by lattice oxygen during CoO �Co 3 O 4 ) and the 
RII route (CO was adsorbed onto the Co 3 O 4 surface and further 
oxidized to carbonate spices by surface active oxygen, finally 
the intermediate spices were decomposed into gaseous CO 2 ), 
as presented in Scheme 1 . 

O 2 (gas) + ∗ −→ O ∗ +O ∗ (1) 

O 2 ( gas ) 
vacancoes −−−−−−→ [ O L ] + [ O L ] (2) 

Cu 2 O + [ O L ] 
−e → 2 CuO (3) 

Hg 0 (gas) −→ Hg 0 (ads) 
[ O ∗] −−→ Hg O (ads) (4) 

Hg 0 (ads) +O ∗ CuO −−→ Hg O (ads) (5) 

2CuO 

+e −→ C u 2 O + O ∗ (6) 

CO ( gas ) + [ O L ] 
vacancies −−−−−−→ CO 2 ( gas ) (7) 

3CoO + O ∗ −e −→ C o 3 O 4 (8) 

CO ( gas ) 
Co 3 O 4 −−−−→ CO ( ads ) 

O L −→ −CO x ( ads ) (9) 

−CO x ( ads ) 
decomposition −−−−−−−−−→ C O 2 ( gas ) + O ∗ (10) 

C o 3 O 4 
+ e −→ 3CoO + O ∗ (11) 

O ∗ +O ∗ −→ O 2 (gas) (12) 

3. Conclusions 

In this work, various MOx/AC N 

catalysts (M = Co, Cu, Ce, Mn, 
Fe) were prepared for the separate catalytic oxidation of CO 

and Hg 0 , in which Co has good catalytic activity of CO oxida- 
tion, and Cu (also Mn and Ce) has reactivity for the the removal 
of Hg 0 , respectively. 2%CuOx-10%CoOx/AC N 

catalytic materi- 
als was optimized for the ability of removal CO and Hg 0 un- 
der simulative flue gas. Compared with other transition metal 
doping, Cu doped CoOx/AC N 

had the improved catalytic abil- 
ity for CO oxidation and Hg 0 removal. The calcination tem- 
perature greatly affects the existent form and valence state 

of CoOx with different redox properties resulting in the sig- 
nificant difference for CO oxidation. The coexistence of com- 
plex oxides including CuO, Cu 2 O, Co 3 O 4 , Co 2 O 3 and CoO would 

likely be beneficial to the simultaneous catalytic oxidation of 
CO and Hg 0 , benefiting from the synergistic catalysis during 
the electro-interaction between Co and Cu cations. The re- 
moval of Hg ° followed the adsorption process and also the 
catalytic oxidation reaction via Langmuir-Hinshelwood mech- 
anism while the catalysis of CO abided by the Mars-van Krev- 
elen mechanism with lattice oxygen species. 
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